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Abstract
The eﬀective management of nitrogen dynamics is essential for cropping systems which have the double
objective of achieving acceptable yields and minimizing environmental impact. The decisions to be made
are both particularly complex and of great urgency to farmers, including all organic farmers, who rely on
organic sources of nitrogen. Models can be useful means of providing a better understanding of the
nitrogen dynamics and of supporting decision-making at tactical and strategic levels. This paper presents a
model that aims at providing support in the decision-making process based on a target-oriented description
of nitrogen dynamics in a cropping system. The NDICEA model describes soil water dynamics, nitrogen
mineralization and inorganic nitrogen dynamics in relation to weather and crop demand. Crop yields are
put in to the model, resulting in a target-oriented modelling approach which is distinctive from most other
models. Parameter calibration is an inherent component of the modelling philosophy and is geared to
establishing plot-speciﬁc factors. Using both quantitative and visual performance indicators, and diﬀerent
ratios of calibration to validation data, we evaluate the performance of NDICEA based on three treatments
obtained from the Mu¨ncheberg dataset. Based on a maximum of 3 years of data for calibration, the root
mean square error (RMSE) was found to vary between 14 kg N ha)1 and 37 kg N ha)1, and in the majority
of cases absolute prediction error was less than 20 kg N ha)1. We introduce a user-friendly version of the
model that is aimed at farmers and extension workers.
Introduction
The management of nitrogen is a critical element
in cropping systems that aim at combining positive
economic returns with minimizing environmental
impact. Management issues are particularly com-
plex and of great urgency to farmers, including all
organic farmers, who rely on organic sources of
nitrogen. In these systems, the management of
nitrogen is not only related to chemical soil
fertility but interlinked with the management of
physical and biological soil fertility, with the
objective of providing crops with water and
nutrients and suppressing soil-borne pathogens
(Ma¨der et al. 2002).
The mineralization of organic nitrogen from
manure starts after excretion from the animal
source, and that from residues after harvest. Once
started, operational management can scarcely
control mineralization. Where residues and
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manure are important sources of nitrogen for
crops, plant production systems have to ﬁt into
these patterns of inherent release of nitrogen. This
release should not limit crop production, nor
evoke pests and diseases or cause pollution of the
environment. Tactical – i.e. within-season – deci-
sions on timing and amount of organic nitrogen to
apply are complex due to the prolonged release of
inorganic nitrogen, which is inﬂuenced by uncon-
trollable factors such as rainfall and temperature
and which is diﬃcult to monitor.
From a strategic point of view, nitrogen in
current organic farming systems in The Nether-
lands is an area of some concern. Currently,
manure from conventional farming systems is a
major source of nitrogen (Hendriks and Oomen
2000; Hofstad and Schro¨der 2002), which is not in
line with EU regulations that aim at, ultimately,
100% organic origin of inputs. Oomen (1995)
calculated that for The Netherlands self-reliance in
organic agriculture implies that less than 95 kg
manure-N is available per hectare. In such a situ-
ation, arable cropping systems have to be designed
in such a way that this limited amount of manure
is sufficient for the attainment of acceptable pro-
duction levels.
Thus, both from a tactical and a strategic
viewpoint there is a need for farmers to adjust
nitrogen demand and supply in arable cropping
systems. While trial and error will ultimately pro-
vide the necessary information, it is ultimately very
costly in both time and expenditure: the measure-
ments are expensive to carry out, and the
economic stakes associated with crop failure are
high. Models based on a system representative of
key processes of nitrogen dynamics and location-
speciﬁc inputs would enable an assessment of the
current cropping system and allow an evaluation
of alternative systems, and may thus accelerate
learning among farmers. Of the models reported in
the literature, those that aim at improving scien-
tiﬁc knowledge of system functioning are not
necessarily ﬁt for application in practice (Koop-
mans and Bokhorst 2002). To contribute to an
informed decision-making process, scientific rigor
needs to be combined with an application-oriented
philosophy in model design (Smith et al. 1996;
Meynard et al. 2002; Jones et al. 2003; Keating
et al. 2003) as is the case of the NDICEA model
presented in this paper.
The NDICEA model was developed as a tool
for representing the dynamics of water, organic
matter and inorganic nitrogen in organic cropping
systems to enable an assessment of organic fertil-
ization strategies using relatively easily obtainable
information on initial states, parameters and
driving variables. Evaluations of the model with
data from The Netherlands have been published
elsewhere (Koopmans and Bokhorst 2002; van der
Burgt 2004). The objective of this paper was to
present the structure of NDICEA within the
framework of the application-oriented goal for
which it was developed and to assess model per-
formance based on experimental data obtained
from the Mu¨ncheberg cropping system experiment
(Mirschel et al. 2006).
The NDICEA model
Model description
Modelling concept
NDICEA is an acronym for Nitrogen Dynamics
In Crop rotations in Ecological Agriculture. It is a
process-based simulation model which calculates
the dynamics of the state variables soil water
(Wi; cubic metres per hectare), soil carbon
(Ci; kilograms per hectare), soil organic matter
(OMi; kilograms per hectare), apparent initial age
of a source of organic matter (Ai; years) and soil
organic nitrogen (NOi) and inorganic nitrogen
(Ni; both kilograms per hectare) for each soil layer
(i) over the course of a crop rotation with a 1-week
time interval. The model applies to homogenous
layers in well-drained, mineral soils. The purpose
of NDICEA is to enhance experiential learning by
farmers and extension agents by reconstructing the
dynamics of water and nitrogen in experiments on
cropping systems or in farmers’ fields. This
objective resulted in a target-oriented approach:
the target of crop production, expressed in terms
of biomass, water use and nitrogen accumulation,
is input for the model, and the model ‘recon-
structs’ the dynamics of the state variables. When
alternative scenarios are explored, targets may be
infeasible because of a lack of nitrogen. There is no
feedback of such resource constraint on the target
in NDICEA. The user is required to ascertain
adequate resource availability.
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The soil is divided into two horizontal layers:
the topsoil (indicated by suﬃx i=1), where tillage
and the application of organic matter take place,
and the subsoil (indicated by suffix i=2) into
which no input of new organic matter occurs. The
subsoil extends to the depth from which crops can
take up water and nutrients. It is assumed that a
complete mixing of soil water and dissolved
nutrients takes place in both layers within each
time interval.
The model consists of three components which
will be described in more detail in the following
sections. In the ﬁrst component, the dynamics of
soil water are calculated taking into account
rainfall, irrigation, evapo-transpiration and capil-
lary rise or its opposite, percolation. In the second
component, the decomposition of organic matter
and mineralization of organic nitrogen from the
initial soil organic matter stock and from succes-
sive additions of crop residues and organic manure
are calculated by a modiﬁed one-parameter carbon
dissimilation model based on Janssen (1984) and a
nitrogen mineralization model based on Verveda
(1983; referenced in Janssen 1984), taking into
account soil temperature, soil moisture content,
soil pH and organic matter protection capacity of
soil. In the third model component, soil inorganic
nitrogen dynamics are calculated based on nitro-
gen input by mineralization, atmospheric deposi-
tion, irrigation, fertilizers, capillary rise, and
biological fixation, and on nitrogen loss by crop
uptake, denitrification and leaching.
The model comprises 46 parameters and input
functions, nine of which cannot be determined
independently from NDICEA. Although default
values are available for these parameters, the
model was developed based on the premise these
parameters would be calibrated using location-
speciﬁc data. A calibration algorithm that searches
for optimum parameter values within plausible
ranges (Price 1979; Klepper and Rouse 1991) is
therefore described as an integral component of
the approach.
In the following description, rates are indicated
with starting letter ‘d’, followed by N for (organic
or inorganic) nitrogen, W for water, C for carbon,
A for apparent initial age and OM for organic
matter, and specified by further capitals and suf-
fices. Parameters and forcing functions are indi-
cated in lowercase italics.
Soil water dynamics
Precipitation and irrigation constitute inﬂows to
the topsoil. Capillary rise may increase the water
content of each layer, the rate depending on the
suction properties (pF) of the soil and the depth of
the groundwater table. Plants can take up water
from both layers, with the amount of each fraction
taken up depending on the crop rooting depth and
moisture content in each layer. Water uptake by
the crop is determined by the developmental stage
of the crop, potential evapo-transpiration and soil
pF. Water in the topsoil above ﬁeld capacity is
assumed to instantaneously percolate to the sub-
soil and that from the subsoil to deeper layers.
Water drained from the subsoil is lost from the
system.
Capillary rise (dWCi) in each layer i (millimetres
per week) is driven by a matrix suction gradient
from a soil layer to the groundwater table. Matrix
suction in layer i,wi, is calculated according to
Driessen (1988) as
wi ¼ expðsqrt ðgam1  lnðsmo=hiÞÞ (1)
where smo is saturated soil moisture content
(in meters per cubic meter of soil) and gam is a tex-
ture-speciﬁc coefﬁcient describing the shape of the
soil pF curve. Values for gam and smo for different
soil types can be found in Driessen (1988). Volu-
metric soil moisture content hi [cubic metres (wa-
ter) per cubic metre (soil)] is derived from the state
variable Wi and the thickness of soil layer i, thli.
The actual capillary rise is equal to the
maximum capillary rise as determined by soil type,
corrected for the dryness of the adjacent layers.
The maximum capillary rise for layer i (dWCmax, i)
is an empirical function of the distance from the
centre of a layer to the groundwater table.
dWCmax;1 ¼ maxð7  expððcrc;1  thl1=2
 wFC;2Þ=crx;1Þ; 21Þ ð2aÞ
and
dWCmax;2 ¼ maxð7expððcrc;2wGWT;2Þ=crx;2Þ;21Þ
(2b)
where, wGWT;i= the equilibrium matrix suction in
layer i, i.e. the distance from the centre of layer i
to the water table (in centimetres), wFC;i= the
matrix suction in soil layer i at field capacity (in
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centimetres) and thli =the thickness of the soil
layer i (in centimetres).
The coeﬃcients of the function, crc and crx, are
based on literature data from Anonymous (1989)
after Wo¨sten et al. (1987). As in these data capil-
lary rise never exceeded 3 mm day)1, maximum
capillary rise was limited to 21 mm week)1. Based
on the same dataset we postulate that maximum
capillary rise to the topsoil is reached when the
difference between pF in the topsoil and pF in the
subsoil exceeds 0.4. For the subsoil, we assume
that maximum capillary rise is reached when the
difference between the actual pF and the pF in
equilibrium with the ground water table exceeds
0.4. If in any layer this difference is less, capillary
rise is reduced proportionately. The resulting
capillary rise in the topsoil (dWC1) and subsoil
(dWC2) is now:
dWC1 ¼ dWCmax;1 maxðminðð logðw1Þ
þ logðw2ÞÞ=0:4; 1Þ; 0Þ
(3a)
and
dWC2 ¼ dWCmax;2 maxðminðð logðw2Þ
þ logðwGWT;2ÞÞ=0:4; 1Þ; 0Þ
(3b)
The depth of the groundwater table is intro-
duced as a forcing function, following an annual
pattern derived by interpolation between a high-
est and a lowest level around the start and end of
the growing season, respectively. Default values
are week 12 and week 38, respectively. The
maximum and minimum depths of the water ta-
ble are assumed to be greater than the depth of
the subsoil.
Actual water uptake by a crop, dWUact, is cal-
culated for each soil layer as minimum of the po-
tential water uptake and the amount available for
the plant. Potential water uptake (dWUp; in mil-
limetres per week) is calculated by multiplying
reference evapo-transpiration (ET0; in millimetres
per week) calculated according to Makkink
(Makkink 1957; de Bruin 1987) using correction
factors to account for crop-related evapo-transpi-
ration or evaporation from bare soil. Bare soil is
assumed to have a constant evaporation factor,
etbare=0.25 (Huinink 1998). The crop evapo-
transpiration factor is calculated by multiplying
crop cover (cc) and a crop-specific maximum crop
evapo-transpiration factor (etmax). Crop cover (cc)
is a function of the stage of crop development.
Four developmental stages are distinguished:
sowing, full cover, ripening and harvest. The crop
cover factor (cc) increases linearly from 0 at sow-
ing to 1 at full cover, then remains constant until
ripening, subsequently decreasing linearly to 0.5 at
harvest. Crop cover and the maximum crop evapo-
transpiration factor were derived for a range of
crops based on Huinink (1998).
dWUp ¼ maxðcc  etmax; etbareÞ  ET0 (4)
where, dWUp = the potential water uptake by the
crop (in millimetres per week), cc = the crop cover
factor (), no units), etmax = the maximum crop
evapo-transpiration factor ()), etbare = the evap-
oration factor of bare soil ()) and ET0 = the ref-
erence crop evapo-transpiration (in millimetres per
week).
When soil pF exceeds 2.7, actual water uptake
from a layer is reduced, reaching zero at a pF of
4.2. This proportional decrease is summarized in
the reduction factor wufi ()).
The fraction of root biomass rf in topsoil and
subsoil determines the partitioning of water up-
take between the soil layers. The fraction rf in a
layer is calculated from the rooting depth, rd,
which is assumed to increase linearly from zero at
sowing to a maximum value at full cover, after
which it remains constant. A linear decrease in
root biomass with depth is assumed. The fraction
of roots in the topsoil (rf1) is calculated from ac-
tual rooting depth:
rf1 ¼ 1 for rd\ thl1
rf1 ¼ 1 ððrd thl1Þ=rdÞ2 for rd  thl1
rf2 ¼ 1 rf1
(5)
where rd = rooting depth (in centimetres),
thli = the thickness of the soil layer, i (in centi-
metres) and rfi = the fraction of roots in soil layer
i ()).
After calculating the uptake from the topsoil,
the remaining amount of required water is as-
sumed to be taken up from the subsoil, but only if
the rooting depth (rd) exceeds the thickness of the
topsoil (i). When the pF of the subsoil exceeds 2.7,
relatively more water is taken up from the topsoil,
independent of rooting depth. For bare soil, the
rooting depth is zero and evaporation takes place
from the topsoil only. In summary:
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dWUa;1 ¼rf1wuf1dWUp for pF in subsoil\2:7
dWUa;1 ¼wuf1dWUp otherwise
(6a)
dWUa;2 ¼ 0 for rf1 ¼ 1
dWUa;2 ¼ wuf2  ðdWUp  dWUa;1Þ otherwise
(6b)
where dWUact,i is the actual water uptake (in
millimetres per week) in layer i. Actual water up-
take (dWUact; in millimetres per week) is calcu-
lated as the sum of actual uptake from each layer.
Outﬂow or drainage from each layer (dWOi; in
millimetres per week), which only occurs in the
absence of capillary rise, is calculated as the bal-
ancing item in the weekly water balance.
Decomposition of organic matter and mineralization
of organic nitrogen
The decomposition of organic matter and miner-
alization of organic nitrogen is described as a
function of the totality of the sources of organic
matter, soil moisture content, temperature, soil
pH, organic matter protection capacity of the soil
and composition of the food web in soil. The ap-
proach used by Janssen (1984) to calculate the
annual decomposition of applied organic matter is
modified to enable the calculation of weekly
decomposition rates. The mineralization of nitro-
gen during decomposition is calculated using a
modification of the approach of Verdeda (1983,
referenced in Janssen 1984).
Calculation of the decomposition of organic
matter. Janssen (1984, 1996) proposed describing
the time course of carbon remaining after the
application of C0 (in kilograms per hectare) in
organic carbon at time t=0 by:
Cy ¼ C0  expð4:7  ðA0:6y  A0:60 ÞÞ (7)
where Ay is the apparent age of the organic sub-
strate at time y (in years), andA0 the apparent age at
the time of application (in years). Janssen’s equa-
tion was derived from annual measurements of
organic matter on bare and permanently moist soils
in The Netherlands. We adapted this approach to
describe decomposition on a cropped soil during a
time interval of 1 week. A correction factor f
was introduced, which expresses the effects of
temperature, moisture, organic matter protection
capacity and pH. Although interaction, for exam-
ple between temperature and moisture (Cassman
and Munns 1980), is possible, it is assumed that all
effects act independently on decomposition:
f ¼ fT  fh  fprot  fpH (8)
where f = the overall correction factor = rate of
aging ()), fT = the temperature correction factor
()), fh = the moisture correction factor ()), fprot
= the protection correction factor ()) and fpH=
the pH correction factor ()).
The apparent age of the substrate at time t
(weeks), At, is described by Woli (2000) as
At ¼ 1=52  f  tþ A0 (9)
We assume the carbon (C; in kilograms) and
organic matter (OM, in kilograms) in soil organic
matter to be related by C=comOM, where com
is a function which describes the carbon content of
organic matter as a dependent of its apparent age.
Based on data of Goudriaan and van Laar (1994)
and Allison (1965) we assumed organic matter of
an apparent age up to 1 year to have a com value
of 0.45, increasing linearly to 0.58 at an apparent
age of 3 years and higher. The decomposition rate
of organic matter (dOM; in kilograms of OM per
week) is found by combining the derivative of
Eq. 7 with 9:
dOM ¼ ð2:82  A1:6t OM  fÞ=52 (10)
Decomposition of the organic matter pool
already present in the soil, referred to as ‘initial or-
ganic matter’, is described using the same equation.
The eﬀect of temperature on decomposition is
described by an empirical modiﬁcation of the Q9-
equation by Yang (1996), which was based on
annual average temperature, to take into account
the influence of weekly average temperature Tav on
decomposition rate:
fYang ¼0 Ta\¼ 1
fYang ¼0:09  ðTav þ 1Þ 1\Tav\¼ 9
fYang ¼0:88  2^ ^ ðTav  9Þ=9Þ 9\Tav\¼ 27
fYang ¼3:5 Tav[27
(11)
The eﬀect of a lack of moisture on mineraliza-
tion of organic matter is described as a linear
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decrease to zero between pF=2.7 and pF=4.2
according to Rijtema (1980).
The decomposition rate of organic matter is af-
fected by the organic matter protection capacity,
which depends on soil texture, soil structure and soil
organic matter content (Hassink et al. 1993). Soil
texture and soil organic matter content can be con-
sidered to be constant during a year, but soil struc-
ture fluctuates due to soil tillage, soil compaction,
activity of soil fauna and fluctuations of moisture
content and temperature (freezing). A single cor-
rection factor fprot was introduced for all three
effects. The value of fprot is found by calibration.
Under acid conditions the decomposition of
organic matter can be reduced to practically zero.
Baht et al. (1980) assumed that above pH=4.5
decomposition proceeds unhampered and below
pH=3.5 it comes to a complete standstill; Rijtema
and Kroes (1991) assume a range from pH 6 to
pH 4 for the same process. In normal agricultural
practice, a pH correction of OM decomposition is
hardly of interest, as soil pH is usually maintained
above 5. However, for completeness sake, a pH
correction factor has been included, which is about
1 at a pH of 7 and decreases to 0.5 at a pH of 4:
fpH ¼ 1=ð1þ expð1:5  ðpH 4ÞÞÞ (12)
Calculation of mineralization of organic nitro-
gen. Organic matter is decomposed via a chain of
transformations involving various organisms in
the soil. Fungi and bacteria form the base of the
pyramid; these are consumed by organisms such as
nematodes and protozoa, which in their turn are
eaten byother organisms (Brussaard 1998).Verveda
(1983) proposed a procedure to calculate the amount
of nitrogen released through decomposition by mi-
cro-organisms. We applied the procedure to the
whole of the chain of transformations and estab-
lished process parameters by calibrating these to
location-specific data instead of deriving them from
experiments with single organisms.
Carbon in an organic matter application is used
by micro-organisms as a source of energy and
building material. Hence, as mineralization pro-
ceeds, the remaining substrate will contain less
carbon in the original form and more in the form
of biomass (bacteria, fungi, etc), and decay and
conversion products. Diﬀerent rates may be dis-
tinguished: the rate of consumption of organic
carbon, also referred to as the turnover of carbon
(dCT; in kilograms per hectare per week); the
assimilation rate of carbon (dCA; in kilograms
per hectare per week) describing the amount of
carbon that is re-used as organic building material,
with or without modification; the rate of dissimi-
lation of organic carbon (dCD; in kilograms
per hectare per week), which causes the produc-
tion of CO2. The dissimilation rate of organic
carbon is described by Eq. 10. Assuming the ratio
(admicro) of assimilation rate dCA (in kilograms
per hectare per week) and dissimilation rate dCD
to be known, dCT can be calculated using the mass
balance dCT = dCD+dCA:
dCT ¼ ð1þ admicroÞ  dCD (13)
The assimilation rate of nitrogen (dNA; in
kilograms per hectare per week) follows from the
carbon assimilation rate, dCA, and the carbon-to-
nitrogen ratio of the micro-organisms (cnmicro),
which we assume to be constant:
dNA ¼ 1=cnmicro  dCA (14)
The nitrogen turnover rate (dTN; in kilograms
per hectare per week) is related to carbon turnover
rate (dCT; in kilograms per hectare per week) and
the current carbon (C)-to-nitrogen (NO; kilo-
gram per hectare) ratio of the substrate:
dTN ¼ NO=C  dCT (15)
The diﬀerence between turnover and assimila-
tion of nitrogen equals net mineralization of
nitrogen (dNM; in kilograms per hectare per week):
dNM ¼ dTN dNA ¼ ðð1þ admicroÞ=(C/NO)
 admicro=cnmicroÞ  dCD
(16)
Assuming C=comOM, Eq. 16 can be
rewritten to express net nitrogen mineralization as
a function of the decomposition of organic matter
(dOM; kilogram per hectare per week):
dNM ¼ðð1þ admicroÞ=(OM / NO)
 admicro=ðcnmicro=comÞÞ  dOM ð17Þ
Total nitrogen mineralization from organic
matter sources is calculated as the sum of dNM
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values for individual sources, distinguished by soil
layer.
Soil inorganic nitrogen dynamics
The amount of inorganic nitrogen increases as a
result of deposition, irrigation, capillary rise and
the mineralization of organic compounds and
decreases due to plant uptake, denitriﬁcation
and drainage, as described per layer by:
dNi ¼ dNIi þ dNMi  dNDi  dNUi  dNOi
(18)
where, dNi = the net rate of change of inorganic
nitrogen in layer i (in kilograms per hectare per
week), dNIi = the inflow of inorganic nitrogen
into layer i (in kilograms per hectare per week),
dNMi = the nitrogen mineralization in the soil
layer (i; in kilograms per hectare per week),
dNDi = the denitrification in the soil layer i (in
kilograms per hectare per week), dNUi = the
modelled nitrogen uptake by the crop from soil
layer i (in kilograms per hectare per week),
dNOi = the outflow of inorganic nitrogen out of
layer i by drainage (in kilograms per hectare
per week).
Inorganic nitrogen input to topsoil. Annual depo-
sition of nitrogen from the atmosphere, a location-
speciﬁc quantity, is assumed to be distributed
homogeneously over the year. The input of inor-
ganic nitrogen with irrigation water or fertilizers is
calculated from dose and inorganic nitrogen con-
tent in the fertilizers or manure. Losses by vola-
tilization are not calculated in the model and have
to be taken into account before entering infor-
mation into the model.
dNIi ¼ dNdep þ dNirr þ dNfert (19)
where dNdep = the input of inorganic nitrogen by
atmospheric deposition (in kilograms per hectare
per week), dNirr = the input of inorganic nitrogen
by irrigation (in kilograms per hectare per week),
dNfert = the input of inorganic nitrogen by fer-
tilizers (in kilograms per hectare per week).
Denitriﬁcation. Denitriﬁcation is calculated based
on a modiﬁcation of the procedure of Bradbury
et al. (1993). Denitrification in the soil occurs in
so-called ‘hot spots’ located close to decomposing
organic matter and is correlated to the number and
size of these hot spots and to the diffusion of
oxygen and, therefore, to water content, soil tex-
ture and soil structure. In these hot spots, the
concentration of nitrate is by definition near zero,
and the denitrification rate is mainly determined
by the rate of diffusion of nitrate to these sinks. In
well-drained agricultural soils nitrate is the main
compound of inorganic nitrogen. Total nitrate
diffusion per unit area is related to soil water
content, the number, size and locations of these
hot spots and the nitrate concentration gradient
around the hot spots. The effect of the distribution
of nitrate and hot spots through the soil is as-
sumed to be accounted for by a denitrification
factor, dnf. This factor is estimated from location
specific data by calibration. Denitrification is
considered to be proportional to the rate of
decomposition of the organic matter, dOM, the
amount of inorganic nitrogen, Ni, as well as the
scaled moisture content above the wilting point:
dNDi ¼ dnfi=1000  dOMi Ni
 ðhi  hWP;iÞ=ðhFC;i  hWP;iÞ
(20)
where dnfi = the denitrification factor of the soil
layer i (per 1000 kilograms OM), Ni = the
amount of inorganic nitrogen (kilograms N per
hectare), hFC, i = the volumetric moisture content
of the soil layer (i) at field capacity (in cubic metres
per cubic metre) and hWP, i = the volumetric
moisture content of the soil layer (i) at wilting
point (in cubic metres per cubic metre)
Nitrogen uptake by the crop. The rate of nitrogen
uptake per week is calculated in a target-oriented
fashion – i.e., as a fraction of the total nitrogen
uptake by the crop, the target. Total nitrogen
uptake may be equal to the amount measured in
an experiment being analyzed, or to the amount
expected when assessing alternative crop sequences
or fertilizer application regimes. Total nitrogen
uptake includes nitrogen in harvested and unhar-
vested, and above and belowground parts of the
crop. Nitrogen ﬁxed by symbiotic bacteria is sub-
tracted from the total nitrogen uptake to arrive at
the amount to be supplied from the soil.
dNUtar ¼ Ncrop;tar  IN=SIN  dNFact (21)
where dNUtar= the targeted rate of nitrogen
uptake (kilograms of N per hectare per week),
Ncrop, tar = the total nitrogen uptake by the crop
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(kilograms of N per hectare), dNFact = the actual
crop nitrogen fixation rate (kilograms of N
per hectare per week), IN = the indicator for the
rate of nitrogen uptake, based on diffusion-cor-
rected actual water uptake ( –), SIN = IN summed
over the growing season ( –).
The indicator IN is calculated as a function of
actual weekly water uptake. At high soil moisture
levels, nitrogen taken up by the roots will originate
from both mass flow and diffusion. Because dif-
fusion is small at low levels of soil moisture,
nitrogen uptake may deviate from water uptake.
The threshold thrdiff accounts for this contribution
of nitrogen diffusion and is found by calibration:
IN ¼ðWUa;1 þWUa;2Þ=ðWUp  thrdiffÞ  cc
 etmax  ET0
for ðWUa;1 þWUa;2Þ=WUp\thrdiff
(22)
IN ¼ cc  etmax  ET0
for ðWUa;1 þWUa;2Þ=WUp[¼ thrdiff
The targeted rate of nitrogen uptake is now
distributed to the soil layers (dNUtar,i) by assum-
ing nitrogen uptake to be proportional to actual
water uptake (dWUa,i) and inorganic nitrogen
concentration (Ni/Wi) in each layer:
dNUtar;i ¼ p  dWUa;i  Ni=Wi (23)
The proportionality factor p may vary in time
but is assumed to be equal for both layers. It is
eliminated from the equation by combining
Eqs. 23 and 24:
dNUtar ¼ dNUtar;1 þ dNUtar;2 (24)
After re-arranging, the actual rates of nitrogen
uptake per layer are found:
dNUtar;1 ¼dNUtar=ð1þ ðdWUa;2=dWUa;1Þ
 ðN2=N1Þ  ðW1=W2ÞÞ
(25a)
and
dNUtar;2 ¼ dNUtar  dNUtar;1 (25b)
The rate of nitrogen uptake per layer cannot
exceed the amount of nitrogen available, so that
the actual rate of N uptake per layer (dNUact,i) is
dNUact;i ¼ minðdNUtar;i;Ni=DELTÞ (26)
whereDELT is the time interval of integration in the
model, i.e. 1 week. Total simulated whole crop
nitrogen uptake Ncrop,act (kilograms of N per hect-
are) is found by summing (dNUact,2+dNUact,2)
over time.
Nitrogen ﬁxation by crops. Nitrogen ﬁxation by
crops is calculated from the potential nitrogen
ﬁxation rate dNFpot (in kilograms per hectare
per week), and a threshold inorganic nitrogen
amount in the topsoil thr fix (kilograms of N per
hectare) above which fixation is negatively affected
(van Mil 1981). Above this threshold, potential
fixation is reduced in proportion to the inorganic
nitrogen amount in the topsoil N1 up to a level of
twice the value of thrfix.
dNFact ¼ dNFpot maxðminð2N1=thrfix; 1Þ; 0Þ
(27)
The threshold value thrfix is related to soil
moisture content (Ennik 1960) and possibly also to
soil structure and root health and is found by
calibration.
The distribution of ﬁxation over the growing
period is calculated from the total potential
amount of nitrogen ﬁxed Ncrop, fix (kilograms
per hectare) in a fashion similar to that for weekly
nitrogen uptake:
dNFpot ¼ Ncrop;fix  IN=SIN (28)
Nitrogen transport by water and leaching. Water
transport down the soil proﬁle is not homoge-
neous. A portion of the water follows larger pores
and cracks (Bouma and Dekker 1978; Bronswijk
et al. 1990) and does not transport inorganic
nitrogen, especially nitrogen mineralized from soil
organic matter that is present in the smaller pores.
Reduced nitrification in winter and the adsorption
of ammonium further reduces the amount of
inorganic nitrogen available for mass flow. In
NDICEA, a complete mixing of water and nitro-
gen is assumed at each time interval. Nitrogen
flow out of a layer dNOi (in kilograms per hectare
per week) is proportional to water flow and
inorganic nitrogen concentration in the layer. To
account for preferential water flow and adsorp-
tion, a nitrogen-leaching factor, nlfi, is introduced
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for each layer. Values for nlfi are found by cali-
bration.
dNOi ¼ dWOi Ni=Wi  nlfi (29)
In case of capillary rise, nitrogen import into a
layer takes place proportional to the nitrogen
concentration in the subsoil and the groundwater
in the topsoil and subsoil, respectively.
Model calibration
In this paper, the view is adopted that model
structure, measured inputs and parameter values
derived from literature are valid. Parameters for
which the value cannot be determined indepen-
dently from NDICEA have to be adjusted by
calibration to bring model output into acceptable
agreement with the output of the real systems.
To calibrate parameters in NDICEA, we have
adopted an approach that uses an adaptive ran-
dom search algorithm (Price 1979). The algorithm
starts with plausible ranges for each parameter and
searches for the subset of each range which results
in acceptable model output (Klepper and Rouse
1991). In the algorithm the initial random search is
gradually intensified in the most promising parts
of the parameter space.
NDICEA produces various outputs that may all
be compared to the real world system. The degree
to which a set of model output values associated
with an input parameter set, P, is acceptable when
compared with the real system is expressed as an
objective function Cp:
Cp ¼ minpðC01=w1 þ    þ C0m=wmÞ (30)
where wj is a weighting factor, calculated as the
average measured value for output variable j, and
the partial objective function C¢j measures the
acceptability of output j:
C0j ¼
1
n
Xn
i¼1
ei;j
 ;with ei;j ¼ mi;j  yi;j (31)
where ei,j = the residual at measurement time i
(i=1... n) for output variable j (j=1...m);mi,j = the
model output for variable j at time i; yi,j = the
measured value for variable j at time i.
For discussion on the choice of the objective
function, see Klepper and Rouse (1991).
The Price algorithm resembles random methods
such as simulated annealing (Press et al. 1986) and
genetic algorithms (see review by Mayer 2002) by
not focussing on subsequent improvement of the
best parameter combinations but on generating
parameter sets that are better than the worst one
so far, and by iterative removal of these worst sets.
The procedure involves storing Q parameter sets
of q parameters (Q>>q). In the first step, the Q
parameters sets are generated at random, keeping
each parameter value within the selected plausible
range. For every parameter set, NDICEA is exe-
cuted, and the associated objective function value
C is calculated. A new parameter set P¢ is gener-
ated in two steps. First, a new parameter set G is
generated by randomly selecting q+1 sets of
parameters from the Q stored ones and calculating
each element of G as the average of the corre-
sponding elements in the first q sets. Next, the
q+1st parameter set is reflected element by ele-
ment in the centroid G to find P’. A corresponding
C-value is the calculated and compared to the Q
stored ones. If it is better than the previously worst
one, this parameter set replaces the worst set, and
so on. The iteration is continued until a stop cri-
terion is reached.
Model evaluation
Data for the calibration and independent evalua-
tion of NDICEA were derived from a nitrogen
application experiment at the Leibnitz Centre for
Agricultural Landscape and Land Use Research in
Mu¨ncheberg, Germany (Mirschel et al. 2006). In
the experiment, which ran from 1993 to 1998,
crops in a 4-year rotation were grown at different,
unreplicated nitrogen application regimes.
Weather, crop yields and nutrient dynamics were
monitored on each field, but no information was
collected on soil organic matter (Mirschel et al.
2006). In this paper, we use results from the so-
called plots 1, 2 and 3. On plot 1, nitrogen was
applied as ammonium urea and ammonium nitrate
lime. The crops on plot 2 received nitrogen in the
form of farm yard manure and liquid manure;
these plots were managed in an organic-like fash-
ion but were not certified as such. A combination
of inorganic and organic fertilizer was applied to
plot 3. In 1998, wheat yield on plot 2 was
extremely low due to severe infestation by weeds.
The nitrogen content of the weeds was not mea-
sured; consequently, no information is available
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on total nitrogen uptake. A summary of the
agronomic information is given in Table 1.
Preliminary inspection of the data revealed
two outliers, which were removed from further
analysis by us as well as by other dataset users
(personal communication, C. Kersebaum, ZALF,
Germany). The ﬁrst data point concerned a
measurement of 201 kg ha)1 of inorganic nitro-
gen in the top soil (0- to 30-cm depth) of plot 1
on 3 May 1993. This result was deemed to be
Table 1. Summary of main agronomic data from the Mu¨ncheberg experiment (Mirschel et al. 2006) used for calibrating and
evaluating NDICEA.
Plot 1 Plot 2 Plot 3
1993 Sugarbeet Crop yielda (kg ha)1) 8455 9467 15427
N-yield crop(kg N ha)1) 143 153 179
Fertilizer applicationb 1 MF FYM FYM
Application datec 18 Previous autumn Previous autumn
N amount (kg N ha)1) 80 142 142
Fertilizer application 2 MF
Application date 18
N amount (kg N ha)1) 80
1994 Winter-wheat Crop yield (kg ha)1) 7690 4544 7568
N-yield crop(kg N ha)1) 233 110 206
Fertilizer application 1 MF FYM FYM
Application date 15,19,22 Previous autumn Previous autumn
N amount (kg N ha)1) 170 66 66
Fertilizer application 2 LM MF
Application date 18,19 15,19
N amount (kg N ha)1) 60 60
1995 Winter-barley Crop yield (kg ha)1) 7321 4733 8953
N-yield crop(kg N ha)1) 210 126 248
Fertilizer application MF LM MF
Application date 12,20,21,22 11 12,2
N amount (kg N ha)1) 145 41 95
1996 Winter-rye Crop yield (kg ha)1) 7500 3700 7000
N-yield crop(kg N ha)1) 215 101 201
Fertilizer application MF LM MF
Application date 17, 21, 23 18 17,21
N amount (kg N ha)1) 100 64 75
1996 Green manure Crop yield (kg ha)1) 2200 1000 1500
N-yield crop(kg N ha)1) 55 33 34
Fertilizer application MF FYM FYM
Application date 36 36 36
N amount (kg N ha)1) 60 198 198
1997 Sugarbeet Crop yield (kg ha)1) 11,639 11,762 12,419
N-yield crop(kg N ha)1) 215 146 292
Fertilizer application MF
Application date 15,18
N amount (kg N ha)1) 130
1998 Winter-wheat Crop yield (kg ha)1) 6000 1126 7000
N-yield crop(kg N ha)1) 182 43 191
Fertilizer application 1 MF FYM MF
Application date 12 Previous autumn 12
N amount (kg N ha)1) 50 66 35
Fertilizer application 2 LM
Application date 19
N amount (kg N ha)1) 44
aYield, Dry weight.
bApplication date of fertilizers represents week number, unless otherwise specified.
cMF, Mineral Fertilizer; FYM, farmyard manure; LM, liquid manure.
284
highly unlikely in view of the measurement on
21 April of 19 kg ha)1 inorganic nitrogen, and
the application, on 1 May, of 80 kg N ha)1. The
measurement of 125 kg N ha)1 in week 27
(28 June 1993) in the top soil of plot 3 was also
discarded: in week 25, 47 kg N ha)1 had been
measured, in week 29 14 kg N ha)1 was found,
while nitrogen had been applied in week 18.
Measurements in the subsoil (30 – to 90 –cm
depth) were also removed from the analysis.
Data on the dry matter yield of crops, nitrogen
contents of crop components and fertilizers, dates
of seeding and harvest of the crops and dates of
application of fertilizer were used as input for the
model without adaptation. Yield data based on
harvesting by hand were used as these were
considered to be more accurate than combined
harvest data, which were consistently lower.
Weekly averages of temperature and precipitation
were calculated from the daily weather data.
Weekly average soil temperature at a depth of
20 cm was used in the NDICEA module on or-
ganic matter decomposition. Weekly evapo-tran-
spiration was calculated from daily values of
global radiation and average temperature
according to Makkink (1957). Based on the
information on the soil, we classified it as loamy
fine sand for the calculation of the water reten-
tion curve. We assumed a deep groundwater table
without capillary rise to the root zone and a rate
of nitrogen deposition from the atmosphere of
20 kg ha)1 year)1 (personal communication,
C. Kersebaum, ZALF, 2004). On these well-
drained sandy soils, denitrification in the subsoil
is assumed to be absent.
For calibration, the objective function Cp was
formulated as the sum of three partial objective
functions with weights wi=1:
C01 ¼
Pn
i¼1
Ni1;sim Ni1;obs


Pn
i¼1
Ni1;obs
C02 ¼
Pn
i¼1
Ni2;sim Ni2;obs


Pn
i¼1
Ni2;obs
C03 ¼
Ncrop;act Ncrop;tar
 
Ncrop;tar
where Nij,obs and N
i
j,sim represent i-th observed
and simulated inorganic nitrogen amounts in
topsoil (j=1) and subsoil (j=2), respectively and
Ncrop, tar and Ncrop, act designate observed and
simulated crop nitrogen uptake, respectively. The
calibration procedure involved 100 iterations per
parameter set and resulted in parameter sets with
Cp values within a decreasing range as the cali-
bration progressed. The procedure was terminated
when the range of Cp values was 0.005 or less. We
used the averages of the 80 final parameter sets as
the outcome of the calibration procedure.
Parameters included in calibration and their
plausible ranges are summarized in Table 2.
The performance of the model was evaluated
by visual inspection of the agreement between the
simulation results and the observations using two
statistics – index of agreement (Wilmott 1982)
and root mean square error (RMSE) (see Wallach
and Goffinet 1989) – and the envelope method
proposed by Mitchell and Sheehy (1996). Visual
inspection focussed on the closeness of the
observations to the simulated dynamics and,
therefore, on trends and representation of peaks
and troughs.
Table 2. Parametersa in NDICEA, their default values and plausible ranges used during calibration.
Parameter Description Default value Range
thrdiff Threshold for nitrogen diffusion 0.75 0.6 –1
cnmicro C/N ratio soil micro-organisms 8.3 5 –9
admicro Assimilation/dissimilation ratio of soil micro-organisms 0.45 0.2 –0.5
dnf1 Denitrification factor in top soil 0.1 0 – 0.6
fprot Protection factor in top soil 1 0.8 –2
nlf1 Nitrogen-leaching factor topsoil 1 0.8 –1.2
nlf2 Nitrogen-leaching factor subsoil 1 0.8 –1.2
A0 Apparent initial age of soil organic matter 24 14 –28
aAll parameters have unit 1, except A0 (year).
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Willmott (1982) proposed the index of agree-
ment IA, defined as
IA ¼ 1
Pn
i¼1ðsim obsÞ2Pn
i¼1 sim sim
 þ obs obs  2
The statistic evaluates the sum of squared
deviations between simulated and observed data,
relative to the sum of squared absolute deviations
from the mean for both simulated and observed
data. Thus, it scales the simulation error on vari-
ation in observations and simulation results. A
more transparent statistic is the RMSE (see Wal-
lach and Goﬃnet 1989), which results in the
average prediction error in the same unit as that of
the observed variable:
RMSE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPn
i¼1ðsim obsÞ2
n
s
Finally, we calculated the percentage of absolute
prediction errors, i.e. |sim)obs|, which fell within a
range of 20 kg ha)1 for inorganic nitrogen in the
top soil. This statistic is based on a concept of
‘sufficiently good’ predictions for practical pur-
poses, which are within the range and predictions
of insufficient accuracy outside the range.
Model performance was assessed for diﬀerent
degrees of calibration of the parameters in NDI-
CEA (Table 2). In the first step, only default val-
ues were used (Table 2, second column) to
establish the performance of the uncalibrated
model. Next, all observations on inorganic nitro-
gen content in the topsoil and subsoil as well as
total nitrogen uptake by the crop were used to
calibrate the parameters in Table 2. A comparison
of the observations and model predictions dem-
onstrates the extent to which the model can be
tuned to the data, although without providing an
independent assessment of model performance.
Finally, the model was iteratively calibrated on
observations covering an increasing period of time,
starting with observations over the first 42 weeks
up to the harvest of sugar beet, then using the first
83 weeks up to the harvest of the first winter wheat
crop, and finally using the first 138 weeks up to
the harvest of the winter barley crop. In all three
cases, the performance of NDICEA was assessed
using the last 3 years of the experiment, which
consisted of five observations in each soil layer.
The evaluation in this step represents an indepen-
dent assessment of model performance and
provides an indication of the need to use locally
collected data.
Results
Figures 1 and 2 demonstrate the performance of
NDICEA, when it was run with default values of
the calibration parameters and calibrated on all
observations for the topsoil and the subsoil,
respectively.
Visual inspection showed that without calibra-
tion, NDICEA underestimated the amount of
inorganic nitrogen in the topsoil of plots 1 and 3
and, to some extent, of plot 2, resulting in several
episodes with a lack of simulated nitrogen while
the measurements indicated a suﬃcient availability
of inorganic nitrogen. The modelled pattern of
inorganic nitrogen coincided well with observa-
tions, but absolute values in peaks were repre-
sented less well, in particular for the subsoil. The
runs with default values showed larger diﬀerences
between simulated and observed data for the
subsoil (Figure 2) than for the topsoil (Figure 1).
Calibration on the full dataset visually improved
the predictions for the first 3 years of the experi-
ment, but errors remained larger for the subsoil
than for the topsoil, and patterns were represented
less well.
The simulated peak in inorganic nitrogen in
topsoil of plot 2 during the ﬁnal year deviated
substantially from the measurements. This result
was most likely caused by the fact that nitrogen
uptake by the large weed population was ignored.
Results for the quantitative statistics show that
calibration improved both the index of agreement
(Table 3) and RMSE (Table 4) in all cases except
for soil 0 –90 cm deep of plot 3. The index of
agreement was higher for the topsoil than for the
subsoil, but RMSE for the subsoil was lower than
that for the topsoil in two of the three plots. In all
cases, differences between the results for the top-
soil and subsoil were small.
The percentage of observations for which pre-
dictions diﬀered by 20 kg (N) ha)1 or less from the
observed values increased with calibration when
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the full soil profile was assessed but did not in-
crease consistently for each layer separately
(Table 5). This result is caused by the fact that
calibration success was evaluated with a composite
objective function in which inorganic nitrogen in a
single layer was only one of the constituents. The
absolute number of accurate predictions [i.e.
within the envelope of 20 kg (N) ha)1] was much
smaller for the full soil profile than for each of the
layers. This result is caused by an accumulation of
errors in going from two layers to one layer. If
there are underestimations or overestimations for
both layers, the summed error is higher than the
errors of the separate soil layers. If the two soil
layers exhibit opposite errors, the summed error
will be smaller. The latter effect apparently
occurred less frequently than the former.
Calibration decreased the diﬀerence between
measured and modelled total crop nitrogen uptake
during the 6-year experimental period from 187 to
2 kg ha)1 in plot 1, from 103 to 7 kg ha)1 in plot 2
and from 229 to 63 kg ha)1 in plot 3.
The three quantitative measures of model per-
formance, index of agreement, RMSE and
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Figure 1. Simulated (drawn line) and observed (symbols) dynamics of the amount of inorganic nitrogen (kg ha)1) in the topsoil layer
(0 –30 cm in depth). The time axis (weeks) starts on 1 January 1993.
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percentage results within a 20 kg (N) ha)1 enve-
lope were also used to assess the results of the
independent evaluation of the model on data col-
lected during the last 3 years using an increasing
number of observations for calibration. Results
for the index of agreement revealed an increasing
trend when additional data was used for calibra-
tion, with the exception of plot 3 for which the
values were high from the start (data not shown).
RMSE values for the top soil slightly increased in
plots 1 and 3 and substantially decreased in plot 2
when more plot-specific information was used for
calibration (Table 6). RMSE consistently de-
creased for the subsoil, implying that more infor-
mation decreased the average error of the model.
RMSE results for the soil profile on a whole im-
proved as a result of calibration using more plot-
specific information.
The percentage of predictions within the range of
a 20 kg (N) ha)1 prediction error was not affected
for the top soil but increased for the subsoil (Ta-
ble 7). Only for plot 3 did the quality of predictions
improve when extending the calibration data from
week 83 to week 138. The poor results for plot 2,
topsoil layer 0 –30 cm, were influenced by the
weed-overgrown wheat crop in the final year.
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Figure 2. Simulated (drawn line) and observed (symbols) dynamics of the amount of inorganic nitrogen (kg ha)1) in the subsoil layer
(30 –90 cm in depth). The time axis (weeks) starts on 1 January 1993.
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Table 4. Values of RMSE [kg (N) ha)1] (Wallach and Goffinet 1989) for the three datasetsa (plot 1 –plot 3) before and after
calibration.
Soil layer (cm) Plot 1 Plot 2 Plot 3
Before calibration After calibration Before calibration After calibration Before calibration After calibration
0 –30 20 16 17 15 19 19
30 –90 26 15 17 16 22 20
0 –90 41 23 25 21 27 23
aNumber of data points for plot 1 is 23 (24 for sub soil); for plot 2, 26; for plot 3, 25.
Table 5. Percentage of observations with an absolute prediction error of less than 20 kg (N) ha)1.
Soil layer (cm) Plot 1 Plot 2 Plot 3
Before calibration After calibration Before calibration After calibration Before calibration After calibration
0 –30 91 87 88 77 80 80
30 –90 58 92 88 73 76 84
0 –90 39 65 50 69 56 64
Table 6. RMSE [kg (N) ha)1] obtained following calibration using observations covering weeks 1 –42, 1 –83 and 1 –138, respectively.
Soil layer (cm) Plot 1 Plot 2 Plot 3
Week 1 –42 Week 1 –83 Week 1 –138 Week 1 –42 Week 1 –83 Week 1 –138 Week 1 –42 Week 1 –83 Week 1 –138
0 –30 25 (6)a 37 (12) 34 (18) 47 (9) 26 (15) 28 (21) 22 (8) 26 (14) 27 (20)
30 –90 42 (7) 18 (13) 15 (19) 41 (9) 14 (15) 14 (21) 28 (8) 17 (14) 16 (20)
0 –90 49 (13) 47 (25) 44 (37) 71 (18) 25 (30) 26 (42) 36 (16) 33 (28) 33 (40)
aNumbers in parenthesis represent number of data points used for calibration.
Table 7. Percentage of independent observationsa with an absolute prediction error of less than 20 kg (N) ha)1 that were determined
following calibration of the observations covering weeks 1 –42, 1 –83 and 1 –138, respectively.
Soil layer (cm) Plot 1 Plot 2 Plot 3
Week 1 –42 Week 1 –83 Week 1 –138 Week 1 –42 Week 1 –83 Week 1 –138 Week 1 –42 Week 1 –83 Week 1 –138
0 –30 60 60 60 40 40 40 80 80 80
30 –90 20 80 80 40 80 80 20 40 80
0 –90 40 60 40 0 20 80 40 40 40
aFor number of data points used for calibration see Table 6.
Table 3. Index of agreement ( –) (Willmott 1982) for the three datasetsa (plot 1 –plot 3) before and after calibration.
Soil layer (cm) Plot 1 Plot 2 Plot 3
Before calibration After calibration Before calibration After calibration Before calibration After calibration
0 –30 0.67 0.80 0.52 0.68 0.72 0.83
30 –90 0.14 0.77 0.43 0.64 0.48 0.74
0 –90 0.33 0.80 0.49 0.63 0.77 0.62
aNumber of data points for plot 1 is 23 (24 for subsoil); for plot 2, 26; for plot 3, 25.
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The nitrogen dynamics can be analysed from the
calibrated plots. In Table 8, the nitrogen balance
per plot as calculated using results of NDICEA is
presented as an average over the 6-year period.
For plots 1 and 2, total inputs and outputs are
approximately equal. For plot 3, modelled nitro-
gen uptake over the same 6-year period was 63 kg
less than measured, resulting in a gap of
10 kg ha)1 year)1.
Simulated leaching (Figure 3a) and denitrifica-
tion (Figure 3b) are shown for plot 1 to illustrate
these capabilities of NDICEA. In the same graphs,
crop nitrogen uptake is shown, as a means to relate
the losses to periods of crop presence and bare soil.
A peak in leaching occurred in week 24, shortly
after fertilizer application and sowing of the sugar
beets. Major leaching further took place mainly
from December until March, except for the period
with the green manure crop (weeks 192 –218) when
leaching was suppressed.
Denitriﬁcation peaks occur when inorganic N in
the topsoil is relatively high (see Figure 1) and
temperature is high enough. In general, this is after
fertilizer application in the spring. The highest
modelled peaks occurred in week 194, following
fertilizer application in the form of green manure,
and in weeks 226 and 233; in both cases, the
denitrification peaks occurred 2 weeks after fer-
tilizer application in sugar beets.
Discussion
Model evaluation
A mix of methods for model evaluation was se-
lected which represent qualitative and quantitative
measures of model behaviour as well as theoretical
(index of agreement) and more practically oriented
(RMSE, envelope of acceptability) measures. This
type of evaluation of a rich model has the objective
of overcoming the limitations of single measures
and demonstrates various strong and weak aspects
of the model (van der Werf et al. 1999). We eval-
uated the NDICEA model in two different man-
ners: (1) by using it as a sophisticated regression
model to be fitted to all available data; (2) by
comparing predictions based on calibration of a
portion of the dataset to independent observa-
tions. By using the model as a regression model,
we demonstrated that the dynamics of inorganic
nitrogen in the topsoil in the experiments could be
described with modelling efficiency index values of
0.52 –0.83 (Table 3), a maximum mean squared
error of 20 kg (N) ha)1 (Table 4) and over 77% of
the predictions with a prediction error of less than
20 kg (N) ha)1 (Table 5). The results for the top-
soil and the subsoil together showed wider range
Table 8. Nitrogen (kg ha)1 year)1) balance derived from NDI-
CEA calculations with calibration on all data.
Plot 1 Plot 2 Plot 3
Fertilizer 120 116 169
Atmospheric deposition 20 20 20
Net decay soil organic matter 37 37 5
Change in inorganic nitrogen )3 )7 )3
Total in 174 166 191
Product 113 62 132
Leaching 37 49 31
Denitrification 26 56 28
Total out 176 167 201
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Figure 3. Simulated crop nitrogen uptake (broken line, left Y-axis), nitrogen leaching (drawn lines in a, right Y-axis) and denitrification
(drawn lines in b, right Y-axis) in plot 1 based on calibration on all data [kg (N) ha)1].
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than those for the topsoil only. These results rep-
resent the maximum ability of the model to de-
scribe the observations.
Our comparison with independent data had the
objective of showing whether the behaviour of the
system could be explained from the modelled
processes. Ten observations over the last 3 years of
the study period were available for this purpose.
The results for the topsoil indicated average pre-
diction errors (RMSE) that ranged between 22 and
47 kg (N) ha)1 (Table 6) depending on the
amount of local information used for calibration
and the soil layer. Between 40 and 80% of the
predictions demonstrated a prediction error of less
than 20 kg (N) ha)1 (Table 7). The results further
indicate that 25 –30 inorganic nitrogen samples for
topsoil and subsoil together over a 2-year period
provided sufficient information to explain the
nitrogen dynamics during the last 3 years of the
experiment, represented by ten observations, five
for each soil layer. The additional 12 samples ta-
ken in the third year of the experiment did not
significantly improve the predictive capabilities of
the model in any of the plots. The results were
similar for the three experimental plots, indicating
that the model deals well with very different types
of nitrogen input, from inorganic fertilizer to or-
ganic and green manures. These results corrobo-
rate those of Koopmans and Bokhorst (2002) who
found a good correlation between measured and
calculated inorganic nitrogen in the topsoil using
uncalibrated datasets of farms with different soil
types and different fertilizer use. The researchers
found that inorganic nitrogen level in the subsoil
was described less well and concluded that site-
specific calibration would be useful.
Table 8 summarizes the results of the dynamic
simulations as nitrogen balances. One striking re-
sult is the low net decay of soil organic matter in
plot 3 compared to plot 1 and plot 2. This differ-
ence may be explained by both a high production
in plot 3, leading to a high input of crop resid-
ual N, and by manure applications. Since no data
are available on changes in soil organic matter,
this can not be verified. The pool of soil organic
matter, due to its mere size, can have a consider-
able influence on results of a simulation of nitro-
gen dynamics. If data would have been available
and could have been included in the calibration
procedure, more certainty would have been ob-
tained on the losses by leaching and denitrifica-
tion. For any research on nitrogen dynamics, we
recommend the incorporation of measurements on
soil organic matter.
Environmentally and economically important
losses by leaching and denitriﬁcation are not visi-
ble, and are diﬃcult or expensive to measure.
Nevertheless, they are important to farmers and
can be inﬂuenced by farm practice. A model can
provide insight into the processes by which these
losses occur, and can be used to evaluate measures
to decrease them. In Figure 3, leaching predomi-
nantly occurred from December to March, the
period of the largest rainfall surplus. Possible
manners of reducing leaching may be by removing
the crop residues of sugar beets, earlier sowing of
cereals and by growing an intercrop. Denitrifica-
tion occurred mainly in the spring and once in
August, following fertilizer application with the
green manure, at times when relatively high
amounts of inorganic soil nitrogen were present
during periods of high soil moisture and with
substantial decomposition rates of OM (see
Eq. 20). Split applications of fertilizers might re-
duce the losses by denitrification. Using NDICEA,
the effects of these measures can be tested. The
question of when and how much fertilizer has to be
applied to obtain target yields can also be assessed
using this model.
Model implementation
The research version of the model evolved from a
Pascal version running under the DOS operating
system, to a Windows based Delphi-Pascal ver-
sion. Although useful for research and used in this
article, this version (NDICEA 4.59.2) is not user
friendly and cannot be used by the intended
audience, farmers and extension workers. A
farmer’s version has been developed – NDICEA
Stikstofplanner 5.3 (NDICEA Nitrogen planner)
– which is available at http://www.ndicea.nl in
Dutch or English. This version 5.3 has two mod-
ules: one for the modelling of cropping systems
spanning several years, and one suited for single
year-single field evaluations. The interface com-
bines most crop, manure and soil parameters in a
limited number of choices that are meaningful for
the intended users. Most soil, crop and manure
parameters are fixed and cannot be changed by the
user, and only default regional environments are
used with regional data of 1985, a normal Dutch
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year. The modelling procedure for the rotation
module is adapted on a few points. Calculations
are done for two full cropping cycles, and the re-
sults of the second full crop rotation cycle are
shown. In this way uncertainties about initial soil
organic matter are reduced, resulting in a better
impression of the nitrogen dynamics and the ef-
fects of the cropping system on soil organic matter.
The single year-single field module has the same
interface and shows ‘advanced’ buttons in the
main screens, thereby offering access to a range of
soil-, crop- and manure-related parameters. It is
linked to the world wide web for downloads of
actual weather data.
NDICEA was developed for well-drained min-
eral soils. In principle, its process-based concept
provides transportability across climates, as long as
the required location-speciﬁc inputs are provided
(Table 9). Prudent application under practical
farming conditions should nevertheless involve
careful assessment of the application domain of
the component relations for water, nitrogen and
organic matter dynamics. Particular attention is
needed for the quantification of losses of nitrogen
from organic sources during application. This
constitutes an area that warrants extension of the
model with existing calculation procedures (e.g.
Sogaard et al. 2002).
Modelling philosophy
Decisions about the structure of NDICEA were
strongly inspired by the applied purpose of the
model – i.e. to arrive at a representation of the
system that can be used as a tool for management
support. Local relevance was constantly weighed
against detail in the representation of the mecha-
nistic aspects of processes. This resulted in the
target-oriented approach, and in replacing detailed
descriptions of complex processes by summary
functions, calibration factors and calibrations on
local data as an inherent aspect of the approach.
The target-oriented approach in which observed or
expected crop production is ﬁxed as a target from
Table 9. Location-specific information required to run the NDICEA model.
Description Unit
Environment Weekly average air temperature C
Reference evapo-transpiration (ET0) mm week
)1
Precipitation mm week)1
Irrigation mm week)1
Atmospheric deposition kg (N) ha)1 year)1
Soila Thickness of soil layer i (thli) cm
Minimum depth ground water level cm
Maximum depth ground water level cm
Topsoil and
subsoil eacha
Saturated soil moisture content (smo) m3 (water) m)3 (soil)
Texture-specific coefficient related to soil pF curve (gam) –
Texture-specific coefficients related to capillary rise (crc and crx) –
Cropsa Date of sowing or planting (week number) –
Date of harvest (week number) –
Total crop nitrogen uptake calculated, for example, from
above ground, and root dry matter production and
respective nitrogen contents (Ncrop, tar)
kg (N) ha)1
Maximum rooting depth of the crop (rd) cm
Apparent age of crop, residue and root mass
when incorporated in the soil (A0)
yr
Fertilizera Date of application (week number) –
Amount applied kg ha)1
Dry matter content –
Organic matter content of dry matter –
Organic nitrogen content of dry matter –
Inorganic nitrogen content of dry matter –
Apparent age of manure organic matter (A0) year
aFor all soil, crop and fertilizer parameters, default values are given in the model.
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which dynamic water and nitrogen requirements
are derived is also found in the SUNDIAL model
(Smith et al. 1996). In many published models,
however, crop dynamics are simulated from an
initial condition which renders results much more
sensitive to accumulating errors.
Of all the parameters included in NDICEA,
some have to be measured on-farm while others
can be derived from literature. The inputs will vary
in accuracy from high – for example, yield – to
low – for example, rooting depth – due to inherent
variability. A number of spatially and temporally
complex processes have been simpliﬁed greatly in
NDICEA and replaced by calibration factors.
These calibration factors, which pertain to soil
processes such as preferential ﬂow and microbial
activity, can only be given a site-speciﬁc value
through calibration, although default values are
given in the model. Experience has shown that
calibration on experimental data which vary
greatly (e.g. Koopmans and Bokhorst 2002; van
der Burgt 2004) results in relatively conservative
ranges of optimal values.
The application of NDICEA to the Mu¨ncheberg
dataset has shown the importance of site-speciﬁc
calibration. The general trend was that model
performance improved with an increase in the
number of measurements used for calibration.
Three years of calibration data are not suﬃcient to
address the trade-oﬀ between the costs of addi-
tional measurements and the beneﬁts of more
accurate predictions of nitrogen dynamics. The
tackling of this question represents a logical next
step in the process of creating a reliable manage-
ment and decision-making tool for organic and
conventional farmers.
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